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SUMHARY 
/ 
-c- - Tc Si l i con  NIP c a l l s  of vrrioun base resiativitien a d  galliurp . 
, a r sen ide  P/N eolar cells were i r r ad ia t ed  with nominally 0.6, 1.8 
r - 
and 4.7 MeV protons. 
of various base resistivities and gallium arsenide cells w e r e  
i r r ad ia t ed  with 4.7 Mev proton, measuring Iec and V open as 
functions of flux. 
I n  the f irst  experiment s i l i c o n  NIP cell 
I 
. 
I 
I 
I n  the second experiment, t he  same types of 
' cells were i r r ad ia t ed  w i t h  0.6 Xevrprotone, with I -V  curves and 
I 
spec t ra l  responses being measured. I n  t h e  t h i r d  experiment, a 
' -  
I 
I similar set of cells were i r rad ia ted  w i t h  
8 I -V curve and apec t ra l  rerrponse being me 
i 
INTRODUCTXON 
This paper presents same r e s u l t s  of proton i r r ad ia t ions  of 
--- 
s i l i c o n  N/P s o l a r  cells of various base resistivities and gallium 
arsenide P/N solar cells with low energy protons of various energies, 
to  compare the daxnage e f f ec t  of the d i f f e r e n t  types of cells. An 
unusual anealing effect wag found to heppen for 10 and 38 ohme cm 
N/P s i l i c o n  cells that had been irradiated with 0.6 Uev protons. 
0 
PROCEDURE 
The Naval Research Laboratory 5-MeV Van de G r a a f f  accelerator 
\ 
w a s  used for the  source of protons. I n  this accelerator, the  
$ protons t r ave l  down a horizontal d r i f t  tube which is approximately 
25 ft. long and has a 2 inch inner diameter. Four gold foils, 0.1 
li 
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m i l  th ick f o r ' t h e  4.7 MeV experiment, were placed 15 f t ,  from the  
stmple chamber. Nickel f o i l  0.075 mil thick w a s  used i n  the 1.8 
Wv end 0.6 Hev tests. The f o s l  oervod to reduce th. in tenoi ty  
of the  beem knd make it uniform. 
9 
( Inse r t  Figure 1) 
. Proton flux w a s  measured with a guarded Faraday cup in the  
pos i t ion  of the  specimen holder, before and after i r r ad ia t ions  at 
the  three d i f f e r e n t  energies. A t  t h i s  t i m e  the ratio of the f l u x  
col lected by the  cup and the insulated d r i f t  tube was  determined,. 
During each i r r a d i a t i o n  the  flux collected by the  insulated d r i f t  
tube was used as a measure of the  f l u x  incident  on t h e   specimen^. 
C e l l s  were 1 CPD x 1 CID i n  size, having been cut i n  half by a -_  
diamond saw. 
The Xenon Arc in t ens i ty  w a s  ca1ibrated.with a 12 function therm-  
pyre a t  the  posi t ion of the  speciment holder before and after each 
i r rad ia t ion ;  t he  thermopyle w a s  compared to  a normal incidence 
pyrheliameter, before and after the  experiment with t h e  Xenon Arc 
as the source. 
t he  cell  position. A set  of (11) Balzer's interference filters 
w e r e  used to g ive  monochrcnuatic l i g h t  f o r  the epectral response 
The standard in t ens i ty  w a s  67ws/ca;r2, measured at 
measurements. The spectral in t ens i ty  was  measured with the  12 
junct ion theraopyle before and a f t e r  each spectral response 
measurement . 
RESULTS 
The following table shows the  critical f l u x  0, of each of t h e  ' 
type of cells used, t h e i r  eff ic iency under Xenon k c  and 
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and t h e i r  i n i t i a l  open c i r cu i t  voltage. (Table 1) 
Table 2 is a l i s t i n g  of the  p a r t i c l e  penetration depths into.  
the solar cells tested. 
( I n s e r t  Table 2 and 3) # 
K g u r a  2 compares the damage effect of 4.7 Hev protons to a 
shor t  c i r c u i t  current  ratios of S i  N/P 1, 10, and 38 ohm cpg cells, 
. .  and C%a&b cells. X t  w i l l  be noted that GaAs and the  higher resiti- 
v i t y  S i  'cells have a larger critical flux than the  1 ohm-can cells, 
12 + P but after an  integrated f lux  of 4 t o  8 x 10 
-worse than the 1 o h q c m  cel ls ,  
they become 
Figure 3 compare6 the depreciat ion of the open c i r c u i t  voltage 
for the  above cetls, under 4.7 Mev proton bombardment. 
Figure 4 comperes the short c i r c u i t  current  depreciat ion due to 
1.8 Mev protons. 
with the  4.7 h v  protone. 
The radiat ion damege does not appear as severe as 
Figure 5 compares the open c i r c u i t  voltage depreciation of Si 1, 
10, and 100 ohm-cm cells, and GaAs cells due to  the  1.8 Mev proton 
flux. The S i  10 ohm-cm c e l l s  vol tage changed the  l a rges t  amount of 
al l  the cells w i t h  the  1.8 Xev protons, as w a s  the case for the  
4.7 Mev protons 
fThough the  apparent c r i t i c a l  f l u x  f o r  1.8 Xev protons i s  5 . 6 ~ 1 0 ' ~  
p+cmo2 f o r  short c i r c u i t  current  for the GaAs cell, some junction 
dawige effect seems to have taken place at  f luxes  greater than 
rF igu re  6 shows a comparison of maximum power r a t i o s  for 1.8 Mev 
1. protons daP3aSe8. f o r  s i l i con  NIP 1, 10 and 100 ohm-cm cells3 The 
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order of crit ical  f lux  f o r  the maximum power r a t i o s  are the same 
as it is f o r  the  sho r t  c i r c u i t  current ratios, considering j u s t  
the  si l icon ~0116. 
the 10 ohm-cm cell next, and leest, the  100 ohm-cm c e l l ) .  
. making ca lcu la t ions  of radiat ion damage t o  a solar a r r ay  aboard 
( V i e ,  the 1 ohan-aa cell depreciate6 fa6te@t# 
I n  
' 
a spacecraft i n  the  radiat ion belte one must consider t he  depre- 
c i a t i o n  of the  maxirpulp power point of t he  cell, nos the  sho r t  
c i r c u i t  current,  
G Q u r e  7 compares the  short  c i r c u i t  current  ratios of S i l icon  
N/P 1, 10 and 38 ohm-cui c e l l s  and GaAs cells, under 0.6 MeV proton 
bolpbardment.JThe order of critical fluxes are t h e  same as under 
the 4.7 and 1.8 Mev proton bombardment. A pronounced anealing or 
recovery e f f e c t  is seen fo r  the  s i l i c o n  cells, for fluxes grea te r  
than 5x1012p+Lca2. This ie  not seen.for the  G a b  cell. This w i l l  
be discussed fu r the r  when the quantum yie ld  curves are considered, 
rGprec ia t ion  of the open c i r c u i t  voltage 1, 10 and 38 ohm-cm 
S i  N/P cells, and GaAs cells under 0.6 Mev proton bombardment is 
shown i n  Figure 8 
depreciates  less than the  other cells. 
For fluxes above d 2 p + / ~ * 2 #  10 ohm-ma cell 2 
f-jriguresg# 10, 11 and 12 compare the  sho r t  circuit cur ren t  ratios 
for  the  s i l i c o n  NIP 1, 10 and 38 ohm-ae cells 'and GaAe ce l l a ,  for 
the protons and i n  t h i s  experiment 
show the  var ia t ions  of the shor t  c i r c u i t  current  of each type cell 
with proton bombardment energy on a s ing le  graph. 
The data w a s  rep lo t ted  t o  .\ 
m i g u r e  13 shows the 'var ia t ion  of the  quantum yield of a s i l i con  
N/P 1 ohm-an cell under 0.6 Xev proton boPrbardment . I Ae t o  expected 
- 5 -  
the response i n  the red drops off rapidly,  The broad peak of the  
. .  
: a  
! , 
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curve is typical  of high eff ic iency blue sh i f t ed  cells, 
6 i g u r e  14 showr the var ia t ion  of the  Quantum yield of a s i l i con  
N/P 10 0hlD-m a e l l ,  under Om6 H.v proton bembarsP.nt3 Xarkod 
changes t o  the junction characteristics and sk in  response are 
seen for the  1013p+/cm2 curve. 
e s sen t i a l ly  to  the  skin,  n. layer,)  
i n  the 1013 curve f o r  57J' and t,Oi'i.p l i g h t  is unexplained, The . 
(Attr ibut ing t h e  blue response 
The appearance of t he  peaks' 
decrease of the diffueion length of the  minority carrier i n  the  
skin would not account for the  increase i n  the  RED response, A h 0  
, .  
' d  
unexplained . is the  sharp drop i n  blue response from 10l2 to  1013 
G i g u r e  15 shows t h e  var ia t ion  i n  quantum yie ld  of a s i l i c o n  
NIP 38 ohm-cm cell, under 0.6 Mev proton bombardment,Here also, 
are marked changes seen between the  10l2 and 1013 p+/cm2 bombard- 
ments. The peak i n  the loL3 p+/car2 curve is a t  . 8 p ,  the  same I 
apparant place as it is fo r  t he  unbombarded cell, . 
Figure 16 sha ts  the  var ia t ion  i n  quantum y ie ld  of a G& PIN 
, I  
1. 
cell, under 0.6 Mev proton bombardment. No recovery effects w e r e  
seen i n  .the short c i r c u i t  current  ratios for t h i s  type cell; none 
is seen here i n  the quantum y ie ld  curve. 
y! 
. 
Table 2 lists the  approximate proton penetrat ion depths for 
the  types of cells used i n  t h i s  test, 
CONCLUSION 
6nu8u81  recovery e f fecrs  w e r e  shown to happen'for t h e  s i l i con  
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N/P 
greater  than 5x1012p+/crn2. 
10 and 38 ohm-an c e l l s  under 0,6 MeV bombardment, f o r  f luxes 
A f l a t t e n i n g  out  of the  damage rate 
is seen for Si/ohm-crp cells, for .6 Mev f luxes  grea te r  than 5 ~ 1 0 ~ ~  
p+/cm2, An attempt to analiee the  r ad ia t ion  darnage as being purely 
due t o  decrease i n  diffusion length w a s  f e l t  use less  f o r  the  1,8 
Mev end 0.6 Mev bombardments because of the  shor t  penetration 
d e p t h 4  (Standard methods e.g, Baicker and Faughnan (11, require  
t h a t  t he  particle penetrate  the cell a t  least t o  a couple of 
diffusion lengths,) L t  the  p a r t i c l e  penetrates only, on the 
, 
-. 
L 
average 37p. in t he  case of 1.8 Mev protons i n  s i l i con ,  o r  
7.4 AI for 0,6 Mev protons i n  Sirmeans that the  Yliffusion length" 
i n  the  base region of a c e l l  is not a w e l l  defined object ,  
on protone ce r t a in ly  w i l l  cont r ibu te  to rad ia t ion  damage, as long 
as t h e i r  energy is greater  than the  d is loca t ion  energy (98 ev 
Knock- 
f o r  protons i n  si), but t he i r  e f f e c t  is not uniform to  a depth 
several  times the  bombarding protons penetration depth, -A 
For previous work, the  reader is refer red  t o  the  article by 
Wyso&i (2) and Welter and S t a t l e r  (31, 
Refr, (1) J, A, Baicker and B, W, Faughnan, "Radiation Induced 
Changes in Sll1con.Photovoltaic C e l l s " ,  .Sa Applied Physics a #ll, 
. . !  
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- 1962, 
R e f r ,  (2) J, J, Wysoki "Radiation Studies  in GaAs and S i  
. I  I '  q Devices", -8 Trans. PTCNS V o l  NS-lo, #5# Nov, 1963. 
i 
R e f r ,  (3) J. F, Weller and R, L. Statler, "Low Energy Proton 
DarPage to Solar  Cells", ibid (2) 
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